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The cell surface of Chlamydia psittaci seems important for establishing
infection since (i) UV-treated elementary bodies (EB) attach to and are ingested
by L cells and (ii) heat or antibody treatment decreases attachment to L cells and
promotes the fusion of chlamydiae-containing phagosomes with lysosomes in
macrophages. In the studies reported here, [3H]uridine-labeled UV-treated EB
also persisted in mouse resident peritoneal macrophages and L cells, suggesting
that phagosome-lysosome fusion is inhibited. We therefore chose to investigate
the ingestion and internal fate of isolated purified EB envelopes in both nonprofes-
sional and professional phagocytic cells. EB envelopes are internalized by target
host cells as efficiently as are whole EB. Transmission electron microscopy of
macrophages whose lysosomes were marked with ferritin revealed the persistence
of individual envelopes in phagosomes devoid of ferritin for the 3-h observation
period. In contrast, EB envelopes heated to 56°C for 15 min were consistently
found in ferritin-labeled phagolysosomes as early as 30 min. As another index of
persistence, isolated EB envelopes were radioisotopically labeled with a Bolton-
Hunter analog, [3H]N-succinimidyl propionate, and their fate as trichloroacetic
acid-precipitable material was followed. A third probe, employed to detect the
persistence of non-biodegradable antigen, was indirect immunofluorescence.
Fluorescein-positive antigens were brightly visible for 7 days in both macrophages
and L cells when they were inoculated with untreated EB or EB maintained in
penicillin. But L cells inoculated with EB envelopes or EB treated with UV or
chloramphenicol, all of which prevent the conversion of infectious EB into the
metabolically active reticulate bodies, displayed reduced internal fluorescence by
2 days and the appearance of fluorescent material on the cell surface. This release
of EB envelope material occurred in the absence of phagolysosome fusion. The
data add credence to the belief that the spontaneous breakdown or autolytic
enzyme release of EB envelope components must occur preparatory to the
conversion of EB to reticulate bodies.
Advantageous characteristics for any obligate
intracellular parasite would be the abilities to
attach to host cells and to ensure ingestion.
Chlamydia sp. attach to host cells and induce
uptake into nonprofessional phagocytic cells by
parasite-specified phagocytosis (5). Once ingest-
ed, these organisms inhibit phagolysosome fu-
sion (P-LF) (10, 16, 29), thus effectively evading
destruction by host lysosomal enzymes.
Earlier studies have suggested that Chlamydia
psittaci mediates both the ingestion and circum-
vention of P-LF through the elementary body
(EB) cell surface (2, 3, 5, 10, 30). Accordingly,
we investigated the ability of purified EB cell
t Present address: Department of Pathology, Washington
University, St. Louis, MO 63110.
envelopes to initiate these events. Simulta-
neously with these studies, Levy and Moulder
(17) published data indicating that isolated EB
cell walls of C. psittaci associated with L cells in
essentially the same manner as did intact whole
cells. The findings reported here substantiate
those of Levy and Moulder (17). In addition, EB
envelopes are shown to persist in host phago-
somes in the absence of P-LF. After what ap-
pears to be some type of breakdown, envelope
antigens are released and emerge on the surface
of the infected host cell.
MATERIALS AND METHODS
Growth and purification of chlamydiae. The Cal 10
meningopneumonitis strain of Chlamydia psittaci was
routinely grown in 929-L cell suspension cultures. The
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harvest and purification were done by the method of
Tamura and Higashi (24), except that trypsin treat-
ment was not used. The concentration of infectious
units (IFU per milliliter) was determined by counting
the cytoplasmic inclusions stained with May-Grun-
wald-Giemsa stain (30). The percent infectivity was
defined as the number of infectious particles per total
population of particles multiplied by 100. In some
instances, 2 ml of a purified EB suspension was UV
irradiated for 3 min with shaking in a 35-mm2 petri
plate. The plate was held 76 cm from a germicidal
lamp. The infectivity after UV treatment was less than
1%.
Purification of EB envelopes. EB envelopes were
purified by the method of Manire and Tamura (18) with
the following changes. To reduce clumping, we substi-
tuted Ca2+- and Mg2'-free phosphate-buffered saline
(PBS; pH 7.2) for distilled water or Tris buffer, and the
EB were trypsin treated (20 p.g/ml; Worthington Diag-
nostics, Freehold, N.J.), both before and after disrup-
tion in a Mickle apparatus. (ii) The sodium dodecyl
sulfate treatment was not done. The concentration of
envelopes was measured from a standard curve of
turbidity (optical density at 650 nm) versus total parti-
cle count as determined by electron microscopy (22).
For some experiments, envelopes were heat treated
for 15 min with occasional shaking in a 56°C water
bath.
Harvest of mouse macrophages. One day before
inoculation, unelicited peritoneal macrophages from 6-
to 10-week-old female Swiss Webster mice were har-
vested by the method of Cohn and Benson (6). The
viability and concentration of the macrophages were
determined by a hemacytometer count of macro-
phages which excluded trypan blue. The cells were
suspended in tissue culture medium 199 (TC199) sup-
plemented with 15% heat-inactivated calf serum, sodi-
um bicarbonate, 0.02% streptomycin, and 0.1% kana-
mycin and plated in one of the following ways: (i) 3.5
x 106 cells per petri plate (10 by 35 mm); (ii) 2 x 105
cells per well of a 10-well Belco chamber slide; or (iii) 3
x 105 cells per well of an 8-well Labtek chamber slide.
After 2 to 3 h of adsorption at 37°C in an atmosphere of
5% C02, the monolayers were washed four times with
PBS to remove nonadherent cells, reincubated in fresh
medium, and then washed again 5 to 6 h later and
immediately before the experiments were begun.
Assay for immediate cytotoxicity. Immediate cyto-
toxicity was measured by the method of Wyrick et al.
(30). Briefly, the macrophages were inoculated with
0.5 ml of whole EB or EB envelopes at the appropriate
multiplicity of infection (MOI) by centrifugation at 733
x g for 15 min. The monolayers were then reincubated
at 37°C, and at timed intervals, fractions of the super-
natant were monitored for the release of lactic dehy-
drogenase from the cell cytoplasm. Triton X-100
(0.003%) was added to the control macrophage mono-
layers after the 7-h reading was performed. After 5 min
at room temperature, 0.073 U of lactic dehydrogenase
was released.
Radiolabeling techniques. In some experiments,
[3H]uridine was used to label the chlamydial nucleic
acid (30). In others, [3H]N-succinimidyl propionate
(N-SP; Amersham Corp., Arlington Heights, Ill.), a
tritiated analog of the Bolton-Hunter reagent (1, 8),
was used to label the proteins of intact purified EB or
EB cell envelopes. [3H]N-SP (500 ,uCi) was placed in a
1.3-ml microfuge tube, and the toluene solvent was
evaporated under a stream of N2 gas. Envelopes or EB
(-2 x 1010) were added to the microfuge tube in 50 to
200 Rl of Ca2'- and Mg2'-free PBS. The tube was then
gently shaken for 2.5 h at 4°C. To bind any free [3H]N-
SP remaining, 20 pul of 0.053 mM glycine was added,
and the shaking was continued for 30 min at 4°C. The
samples were washed once by centrifugation and then
suspended in either whole PBS (EB) or Ca2+- and
Mg2+-free PBS (envelopes) and dialyzed at 4°C until
dialysate counts reached background levels. The spe-
cific activity of labeled envelopes is generally 105
cpm/1 x 107 envelopes.
Envelopes were iodinated for electrophoresis stud-
ies as follows. Envelopes (1.5 x 10'0) were suspended
in 0.2 ml of cold PBS containing 5 p.g of lactoperoxi-
dase (Calbiochem-Behring Corp., La Jolla, Calif.) per
ml and placed in a 1.3-ml microfuge tube. Two microli-
ters of freshly prepared, cold 0.353 mM H202 and 100
,uCi of 1125 were added, and the iodination was allowed
to occur at room temperature for 30 min with shaking
every 5 min. The envelopes were then diluted with
cold phosphate-buffered iodine (PBS with Nal substi-
tuted for NaCl) and washed twice by centrifugation at
17,400 x g. They were then suspended in TC199
devoid of serum for the experiments.
Uptake and persistence of radiolabeled EB or EB
envelopes. A modification of the procedure of Wyrick
et al. (31) was used to measure the uptake and persis-
tence of radiolabeled EB or EB envelopes. Macro-
phages in 35-mm petri plates were inoculated with 10
IFU/cell or the UV-treated EB equivalent or with 25
envelopes per cell. In those experiments involving
envelopes, the inoculum was centrifuged onto the cells
at 733 x g for 15 min. For experiments comparing
whole EB and UV-treated EB, centrifugation was at
482 x g. Extracellularly attached but uningested EB or
envelopes were released by adding 1 mM EDTA-0.05
M Tris (pH 8.1) to the inoculated monolayers for 5 min
at room temperature. The monolayers were removed
via rubber policemen, precipitated with cold 5% tri-
chloroacetic acid (TCA), and processed for scintilla-
tion counting. The percent uptake of envelopes was
calculated from the ratio of the TCA-precipitable
counts in the macrophage pellet at 45 min to the TCA-
precipitable counts in the inoculum. The percentage of
radiolabel persisting at 10 h post-inoculation was de-
termined as a fraction of those counts which were
precipitable at 45 min.
Alternatively, EB or envelopes were inoculated
onto 35-mm plates containing 3.5 x 105 L cells. In this
system, attached but uningested material was removed
by incubation in 0.5 M NaCl for 15 min at 4°C (13). The
remainder of the procedure was the same.
Electrophoretic analysis of envelopes after a 7-day
incubation. lodinated envelopes were split into two
equal portions and placed in siliconized glass vials.
One vial was incubated for 7 days at 37°C before
processing for electrophoresis, and the other was
processed immediately and frozen at -700C. Enve-
lopes were centrifuged at 17,400 x g for 30 min in a
1.3-ml microfuge tube, and the pellet was suspended in
0.1 ml of Ca2+- and Mg2+-free PBS. The supernatant
was retained from the 7-day sample and further proc-
essed along with the pellet. Samples were precipitated
with an equal volume of cold 20% TCA for 15 min on
ice. The precipitates were recovered by spinning for 5
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min in a Beckman microfuge B and then washing with
90% acetone during a second centrifugation in the
microfuge. Samples were then solubilized by boiling
for 5 min in 25 ,u1 of the following buffer: 0.1 M Tris
(pH 6.8) containing 2% sodium dodecyl sulfate, 20%
glycerol, 2% 2-p-mercaptoethanol, 0.02% bromphenol
blue, and 400 mM phenylmethylsulfonyl fluoride
(PMSF). After electrophoresis on a 12.5% polyacryl-
amide Laemmli gel (14), the gel was stained for protein
with Coomassie brilliant blue and dried. Autoradio-
grams were made by exposing X-ray film (Kodak X-
OMAT, XRP-5) to the dried gel at 4°C.
Electron microscopy. Initially, ferritin (Polysciences,
Inc., Warrington, Pa.), purified commercially, was
employed for our studies. Despite careful handling and
titration in the host cells, enormous amounts of ferritin
contamination were found in every sample. Conse-
quently, twice-crystallized horse spleen ferritin (Cal-
biochem; cadmium removed) was purchased and repu-
rified by the following procedure. One gram in 10 ml
was diluted to 50 ml with 2% (NH4)2SO4, pH 7.4. To
this was added, very slowly and gently, 50 ml of
saturated (NH42504. The mixture was allowed to
stand at room temperature for 1 h for complete precipi-
tation to occur. After centrifugation at 3,000 x g for 30
min, the ferritin precipitate was dissolved very slowly
with 50 ml of 2% (NH4)2SO4. This precipitation proce-
dure was repeated three times. The final precipitate
was dissolved in 5 ml of 0.1 M phosphate buffer (pH
7.4) and centrifuged for 2 h at 140,000 x g. The ferritin
was dialyzed against running water for 8 h and finally
against the phosphate buffer overnight. It was then
centrifuged at 6,000 x g for 30 min to remove the
denatured protein and sterilized through a 0.45-mm
membrane filter (Millipore Corp., Bedford, Mass.)
before storage at 4°C. Spectrophotometric scanning
studies, ranging from 200 to 750 mm, of a 1:64 dilution
of the purified ferritin solution showed no specific
peak of absorption in either the visible or the UV
range. A standard curve for determining ferritin con-
centration was constructed from optical density read-
ings at 750 nm and dry weight determinations. The
ferritin was then titrated in the host cells and used at a
final concentration of 0.2 mg/35-mm petri dish contain-
ing 3 x 106 macrophages.
The protocol for the ferritin labeling of macrophage
lysosomes was as follows. After overnight incubation
in TC199 medium, the macrophage monolayers were
washed three times in PBS and then replenished with
TC199 medium containing 40% heated fetal calf se-
rum. The monolayers were incubated for 20 to 28 h at
37°C in 5% CO2. The supernatant medium was then
removed and replaced with TC199 medium containing
40% fetal calf serum and the ferritin. The cells were
incubated with the ferritin medium for 5 to 6 h. The
macrophage monolayers were washed several times
and then either inoculated with chlamydial envelopes
or chased for 1 to 3 h in fresh TC199 containing only
40% fetal calf serum (no ferritin) before inoculation.
We found the chase step to be optional.
At various intervals post-inoculation, the medium
was removed from the control or infected macrophage
monolayers, the monolayers were gently washed once
with warm PBS, and then warm 2% glutaraldehyde
fixative was added. The monolayers remained at room
temperature for a minimum of 1 h. The remaining
standard procedures employed for processing samples
for transmission electron microscopy have been de-
scribed elsewhere (7). For examination of the ferritin-
labeled specimens, we did not use lead post-staining of
the sections as the lead tends to mask the ferritin
molecules. The Spurr-embedded thin sections were,
however, post-stained with uranyl acetate.
Preparation of antibody. Female New Zealand rab-
bits (5 to 7 lb [ca. 11 to 15 kg]) were injected intrave-
nously three times during week 1 with freshly purified
EB (1 x 109 IFU). They were subsequently injected
three times per week for 3 more weeks with 2 x 109
IFU which had been UV irradiated. The rabbits were
exsanguinated 5 days after the final boost. Individual
sera were tested for neutralizing activity, and then all
were pooled, precipitated with 3.2 M ammonium sul-
fate as described by Forni (9), and concentrated with a
PM-10 Amicon filter. Antibody was stored at -20°C
with 0.04% sodium azide.
Immunofluorescent studies. The macrophages were
plated in Belco chambers, and L cells were plated onto
35-mm petri plates, each containing five glass cover
slips. The cells were inoculated with EB at 10 IFU/cell
or with 30 envelopes per cell. The inocula were
centrifuged onto the monolayers at 733 x g for 15 min.
In some cases, penicillin (200 U/ml) (25), pure chlor-
amphenicol (100 ,ug/ml) (30), or ammonium chloride
(10 mM) (11) was added to the inoculum and main-
tained throughout the experiment. After being spun,
the cells were incubated at 37°C for 15 min before
being washed four times with PBS to remove unat-
tached EB or envelopes. Fresh medium was added,
and the cells were reincubated until the desired time.
When the time points were several days apart, the
fixed monolayers were kept in PBS at 4°C until all
samples could be stained and examined simultaneous-
ly.
To maximize the internal staining of inclusions, we
had to use different fixatives for macrophages and L
cells. Likewise, to stain the cell surface without stain-
ing inclusions, we used different fixation methods for
the two cell types.
When macrophage cytoplasmic and surface antigens
were examined, the fixative used was composed of
1.5% formaldehyde, 4% paraformaldehyde, and 0.05%
saponin in deionized water. Fixation to observe only
the surface-associated antigens on the macrophages
was with 1% paraformaldehyde in 0.072 M sodium
cacodylate and 0.72% sucrose, pH 7.5 (K. B. Pryz-
wansky in G. R. Bullock and P. Petruse (ed.), Tech-
niques in Immunochemistry, in press). In both cases,
the cells were fixed for 10 min at room temperature,
and care was taken to prevent drying of the samples.
To observe cytoplasmic and surface antigens in L
cells, we fixed the cells with 1.5% formaldehyde and
0.05% saponin in water for 10 min. They were then
washed in PBS, immersed in -20°C methanol for 4
min and in -20°C acetone for 1 min. The cells were
washed in PBS before staining. When only the L-cell-
surface-associated antigens were of interest, the same
fixative was used, but without saponin and without the
methanol and acetone treatments. The monolayers
were then allowed to dry overnight before the addition
of the pooled antibody by the procedure of Richmond
and Stirling (21) and again before the addition of
fluorescein-tagged antibody (see below).
Indirect immunofluorescent staining was done with
pooled rabbit antibody directed against C. psittaci and
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TABLE 1. Uptake and persistence of [3H]N-SP-labeled chlamydial EB envelopes in resident mouse
macrophages and L cells
EB envelopes Whole EB 5% of EB envelopespersisting at'
Cell type %Pritne %Utk t1C ll
Upta % Persistence % Uptake % Persistence % Infectivity 2 h 6 h 10 h% pae a0h%Uptakeat 10 h titer" 1
Macrophages 50 28 25 100 54 54 46
33 45 32 68 24 100 74 79
19 100 58 8 52 100 100 100
37 18 30 17 68 50 31
47 47 14
34 ± 13c 40 ± 14'
L cells 49 78 47 125
50 86 70 124
28 93 38 140
43 ± 6c 46 ± 5c
a Number of infectious particles per total population of particles x 100,
b Four representative experiments out of eight are tabulated.
c Average.
fluorescein-tagged goat anti-rabbit immunoglobulin G
(IgG) antibody. Controls using preimmune sera, anti-
body adsorbed against EB, or antibody added to
uninfected cells were always negative. Other controls
indicated that when only the cell surface was fixed for
staining, inclusions were not visible in macrophage
samples 2 days post-inoculation or in L cell samples
after 24 h although duplicate Giemsa-stained cells
confirmed that inclusions were present.
Effect ofNH4CI on yeast degradation in macrophages.
Macrophages plated in Labtek chambers were inocu-
lated with Saccharomyces cerevisiae from a 2-day-old
culture at 3 yeast cells per macrophage in either the
presence or absence of NH4Cl (10 mM). The infected
cells were incubated for 30 min in a candle jar at 37°C,
washed four times, and reincubated in medium with or
without NH4Cl. The monolayers were Giemsa stained
6 h after inoculation and monitored for the presence of
pale blue, pink, or white "ghosts," which indicated
the degradation of yeasts (7). Since the NH4CI itself
appeared to result in some degradation of yeasts, the
proportion of extracellular ghosts was taken to be
background and was subtracted from the number of
intracellular ghosts in each sample.
RESULTS
The intimate contact between Chlamydia sp.
and the host cell which is required for attach-
ment and uptake implies that the EB cell surface
plays a major role in the early infectious proc-
ess. This is supported by the observation that
the perturbation of the bacterial cell surface by
heating or opsonization decreases attachment to
L cells (3) and promotes P-LF in macrophages
(30). However, EB made reproductively inert by
UV irradiation still attach to and are ingested by
L cells (5). To determine whether chlamydiae so
treated also inhibit P-LF, [3H]uridine-labeled
EB were UV irradiated and used to infect mac-
rophages. Since previous studies have indicated
that the persistence of the [3H]uridine label in
macromolecular form correlates with the inhibi-
tion of P-LF (30), the proportion of radiolabel
which was precipitable in cold 5% TCA at 10 h
post-inoculation relative to that internalized at
45 min was assessed. The results of three experi-
ments indicated that the persistence of UV-
treated organisms (mean = 84%) was similar to
that of untreated EB (mean = 89%) and that
there was no significant difference between the
two (P = 0.005, t test).
Uptake and persistence of [3H]N-SP-labeled
envelopes. Isolated EB envelopes were tested for
internalization and persistence in macrophages
and L cells. Since the metabolic labeling of
envelopes requires competition with the host for
radiolabeled materials, it was more efficient to
radiolabel envelopes after purification. This was
also less hazardous to personnel since the purifi-
cation involves several sonication steps and
processing in a Mickle shaker. Also, to obtain
sufficient quantities of envelopes for these stud-
ies, we pooled several batches of purified EB of
differing infectivity titers before the preparation
of the envelopes. Thus, the average uptake
figures may more correctly reflect the batch
population. The uptake data for individual ex-
periments are shown in Table 1. At 45 min, the
average uptake of the [3H]N-SP envelopes in
macrophages (34 + 13%) and L cells (43 ± 6%)
was similar to that of whole viable EB (40 ± 14%
and 46 ± 5%, respectively). The persistence of
[3H]N-SP EB envelopes in macrophages and L
cells is shown in Table 1 as is the time course
persistence of radiolabeled envelopes in macro-
phages alone at 2, 6, and 10 h. In agreement with
Byrne (4), L cells, at this low MOI, appeared to
continue to ingest whole organisms beyond the
initial 45-min uptake period since more radiola-
bel (>100%) was associated with these cells 10 h
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FIG. 1. Release of lactic dehydrogenase from resi-
dent peritoneal macrophages inoculated with EB (CI)
or heated EB (U) at an MOI of 100:1 or inoculated with
EB cell envelopes at 100:1 (0) or 1,000:1 (A). Each
curve represents the mean of at least three separate
experiments.
after inoculation. There was clearly some vari-
ability among different experiments, which is
especially evident in the macrophages: in some
cases, the destruction of the envelopes seems
probable, whereas in others the envelopes ap-
pear to persist.
The intracellular fate of whole EB in both
macrophages (30) and L cells (20) has been
demonstrated to vary with the MOI. At a high
MOI, 10:1 to 100:1 for macrophages and 250:1
for L cells, a cytotoxic response occurs within 1
to 2 h postinfection in the host cell. To rule out
this possibility as a cause of the variability of our
data, we tested EB envelopes for their ability to
induce immediate cytotoxicity in resident mac-
rophages. The results are recorded in Fig. 1. An
inoculum of 1,000 isolated EB envelopes per
host cell was necessary to effect a cytotoxic
response approaching that of 100 viable EB. The
macrophage response to 100 envelopes per cell
was the same as that for heat-treated whole EB,
which are not cytotoxic. Thus, an inoculum of
25 envelopes per host cell used for our uptake
and persistence studies is well below the amount
required to induce early host cell damage and is
not likely to account for the variability in persis-
tence observed in macrophages.
When the infectivity titer of the EB inoculum
was correlated with persistence in the macro-
phages (Table 1), it was found that the more
infectious the EB, the lower the apparent persis-
tence. Furthermore, when we employed an in-
ternal label ([3H]uridine incorporation into nu-
cleic acids) and whole EB were monitored for
persistence at 10 h post-inoculation in macro-
phages, the average range was 80 to 92% TCA-
precipitable material remaining. When [3H]N-
SP-surface-labeled whole EB were monitored
for persistence, the range was 8 to 100%. Per-
haps the loss of label is a reflection of a loss of
surface components as the infectious EB con-
vert to reticulate bodies (RB).
Inhibition offusion offerritin-labeled lysosomes
with phagosomes by ED envelopes. Transmission
electron microscopy was performed to more
directly assess whether envelopes were located
in phagosomes or phagolysosomes. Cell enve-
lopes were added to resident macrophages
whose secondary lysosomes were prelabeled
with ferritin. Thin sections in series were exam-
ined by nonslotted grids. Individual untreated
envelopes were never seen in ferritin-containing
phagolysosomes up to 3 h post-inoculation (Fig.
2A). Yet when envelopes heated to 56°C for 15
min were internalized, fusion was clearly evi-
dent by 30 min (Fig. 2B).
It should be noted that EB envelope prepara-
tions were subjected to ultrasonic sound for 15 s
just before inoculation in an attempt to disrupt
clumps of envelopes. And, indeed, the majority
of the envelopes viewed in the various electron
microscope samples showed single envelopes.
However, it was impossible to disrupt all clumps
of envelopes. When phagosomes contained
clumped envelopes, ferritin was almost always
present (Fig. 2C). Perhaps the clumping itself
indicates an altered cell surface.
These data indicate that untreated chlamydial
EB envelopes do, indeed, persist for some time
in host cells in the absence of P-LF.
Immunofluorescence: internalization and per-
sistence of EB envelopes in host cells. Additional
support for the ability of professional and non-
professional phagocytes to ingest chlamydial
envelopes was obtained by indirect immunofluo-
rescence staining. After adding EB envelopes to
either macrophages or L cells, we fixed the host
TABLE 2. C. psittaci EB envelope persistence in
resident mouse macrophages
Amt of internal
Inoculum immunofluorescence on day:`h
1 2 4 7
EB 4+ 4+ 3+ 3+
EB envelopes 3+ 2+ 1+ 0
EB heated envelopes 2+ 1+ 0 0
a Fluorescence scale: the cells were fixed to permit
the penetration of the antibody to detect the presence
of chlamydial antigen inside the cells. In each experi-
ment, the number of fluorescent spots per cell and the
proportion of cells infected at 1 h were taken to be
maximum and set at 4+. One-hour samples were all
4+ regardless of the inoculum used. Zero indicates no
immunofluorescence.
b Results from four to seven separate experiments
were averaged at each time point.
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cells with aldehydes so that antibody could not
penetrate the cell surface. Although chlamydial
antigens were observed on the surface of all cells
examined at 1 h post-inoculation, none was seen
at 9 h post-inoculation. Altering the fixation
procedure to permit the penetration of the anti-
body revealed a high level of internal fluores-
cence at 24 h post-inoculation in all samples.
The pattern of internal immunofluorescence for
macrophages is shown in Table 2. The data are
the same for L cells.
It is tempting to interpret these data as proof
FIG. 2. Macrophages preincubated with ferm-
tin (arrowheads), then inoculated with EB enve-
lopes (arrows), and observed by transmission
electron microscopy. (A) An individual envelope
in a phagosome 3 h post-inoculation (x37,500).
(B) Heated envelopes (x75,000). (C) Clumps of
envelopes (x26,300) in phagolysosomes at 1 h.
that envelopes persist. However, the immuno-
fluorescence staining technique is not a direct
assay of P-LF, but rather a measure of the
persistence of nondegraded antigen. For com-
parison, macrophages were allowed to ingest
heat-treated envelopes. Four days elapsed be-
fore the heated envelope antigens were no long-
er detected internally by immunofluorescence
(Table 2). Interestingly, by 7 days, untreated
envelopes were also undetectable inside the host
cells.
Appearance of chlamydial antigens on the L cell
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FIG. 3. L cells (gray) were inoculated with whole EB or EB envelopes, incubated for various periods of time,
and then fixed to observe both internal and surface antigens by immunofluorescence (dark spots). (a) Whole EB
or EB envelopes at 1 h. Fluorescent antigens were observed both inside and on the surface. (b) Whole EB at day
1. Large, smooth dark spots are chlamydial inclusions (large arrows); the small dark spots were visualized with
peripheral staining (smaller arrows). (c) EB envelopes or reproductively inert EB at day 4. Fluorescent material
was most apparent via surface staining at the edges of the cells (smaller arrows). (d) EB in the presence of
penicillin at day 4. The large black spots are chlamydial inclusions and identify the infected cells. The smaller
discrete black spots reveal peripheral antigen, some of which is associated with uninfected host cells (small
arrows). Magnification, x3,200.
surface. The studies of Richmond and Stirling
(21) documented the loss of cell surface antigens
from growing chlamydiae and their reappear-
ance on the surface of the infected host cell.
They identified the chlamydial antigens as group
specific and demonstrated their association with
outer membrane blebs of dividing RB, as well as
with EB surfaces. By employing the Richmond
protocol for surface immunofluorescence label-
ing, we were also able to demonstrate the ap-
pearance ofEB envelope antigens on the surface
of L cells. In fact, the pattern of fluorescence
emerging on the L cell surface is essentially the
reverse of that shown in Table 2 for the internal
labeling. In other words, by 4 days postinfection
with EB envelopes, fluorescence disappeared
from deep within the L cell cytoplasm and
reappeared around the edges of the cells as
either discrete spots or a hazy rim (Fig. 3A
through C). A few fluorescence spots could be
detected over the surface as early as 24 h; by 4
days postinfection, peripheral staining was
readily observed (Fig. 4). With heated enve-















FIG. 4. C. psittaci antigens on the L-cell si
observed by peripheral (only) immunofluoi
staining. The monolayers were inoculated wil
envelopes and observed at 4 days postinfectic
nification, x5,120.
surface staining in macrophages, perh-
cause it was necessary to use different fi
for the two types of cells.
To further examine this phenomenon (
cellular parasite antigen emerging and r
the surface of its host cell, we returnec
study of whole viable EB and manipulate
the bacterium or the infected host cells
following means: (i) UV inactivation of
addition of chloramphenicol to prevent F
otic protein synthesis and the conver
EB into RB, (iii) addition of penicillin
prevents RB binary fission and mal
into EB, and (iv) incubation of infectc
in ammonium chloride, a known inhit
the P-LF process (11), whether it be b:
inhibition of P-LF or by interference wi
somal digestive processes as a resu]
raised lysosomal pH. The results are rn
in Table 3. No significant decrease it
nal immunofluorescence occurred with ur
or penicillin-treated organisms. Convers
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Inoculum Addition to Mcohgs LclsaInoculum medium a r phages L(elsat)meim at (day): (day):
2 4 7 1 4
EB None 4+ 3+ 3+ 4+ 4+
EB Penicillin 3+ 3+ 3+ 4+ 2+
EB Chloram- 1 + 0 0 3+ 1 +
phenicol
UV treated None 1+ 1+ 0 3+ 1 +'
EB envelopes None 2+ 1 + 0 3+ 1 +'
UV treated NH4Cl 2+ 1+ 0 ND NDd
EB envelopes NH4Cl 2+ 2+ 0 ND ND
a The results from three to seven separate experi-
ments were averaged at each time point. See Table 2,
footnote a, for the fluorescence scale.
b As a result of the continued division of uninfected
cells, by day 4, only 10 to 50% of the penicillin-treated
L cells were infected.
c Peripheral fluorescence was observed.
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TABLE 4. Loss of protein radiolabel from C.
psittaci EB envelopes after 7 days of incubation in
vitro
Treatment of Incubation temp % TCA-precipitable
envelopes (OC) counts remaining
Untreated No incubation 100
Untreated 4 88
Untreated 37 30
800C, 1 h 37 36
PMSF (400 ,uM) 37 22
lopes in a completely in vitro environment; they
were suspended in tissue culture medium devoid
of serum and placed in siliconized glass vials,
and the fraction of radiolabel which remained
TCA precipitable during a 7-day period was
determined. Incubation at 37°C resulted in the
loss of 70% of the label, whereas the loss was
minimal at 4°C (Table 4). The release of label
was probably not due to the presence of contam-
inating proteases since the presence of the serine
protease inhibitor, PMSF (400 mM), did not
prevent cell envelope degradation. When these
studies were repeated with [3H]uridine-labeled
whole EB, we obtained similar results that sug-
gest that we are not dealing with the simple
dissociation of the [3H]N-SP radiolabel from the
envelope. Furthermore, autoradiograms of I125_
labeled cell envelopes and the released material
provided evidence that the released material is,
indeed, of cell envelope origin (Fig. 5). Interest-
ingly, the electrophoresis/autoradiogram pattern
of the 7-day envelopes (Fig. 5, lane B) suggests a
pattern of splitting of the 43,000-dalton protein
into a new polypeptide with an apparent molecu-
lar weight of 40,000. This was first observed by
Levy and Moulder (17) after the tryptic digestion
of deoxycholate-treated cell walls. In summary,
the observed in vitro loss of surface components
at 37°C is compatible with the concept that
envelopes are degraded in the absence of P-LF,
perhaps by autolysin(s) in the EB cell envelope
which are required to trigger the conversion of
infectious EB to RB.
DISCUSSION
Byrne and Moulder (5) demonstrated that the
ingestion of Chlamydia sp. by nonprofessional
phagocytes, such as L and HeLa cells, is much
more efficient than the uptake of either Esche-
richia coli or polystyrene latex spheres. They
defined this phenomenon as parasite-specified
phagocytosis. Since the EB are unlikely to con-
tribute energy to this process, they suggested
that some EB surface component stimulates
uptake after attachment to certain host cell
receptors. In support of their hypothesis, our
studies demonstrate that purified EB cell enve-
lopes are taken up by both macrophages and L
cells as efficiently as are whole EB. This indi-
cates that the envelopes are probably also inter-
nalized by parasite-specified phagocytosis.
The second feature in these studies is that EB
envelopes are also important for the circumven-
tion of P-LF. This information was obtained via
three different approaches: (i) direct assessment
of phagosome-lysosome interaction through
transmission electron microscopy; (ii) an at-
tempt to quantitate the persistence of radioisoto-
pically labeled EB envelopes in host cells; and
(iii) a monitor of the localization of chlamydial
envelope antigen by immunofluorescence.
Transmission electron microscopy revealed the
persistence for several hours of envelopes in
ferritin-labeled macrophages in the absence of P-
LF. Studies with [3H]N-SP also suggest that
envelopes inhibit P-LF and persist in L cells up
to at least 10 h postinfection. It is not clear why
the persistence of envelopes or whole EB ap-
pears to vary so much more in macrophages
than in L cells especially if autolytic enzyme
activity is involved. It should be reemphasized
that large batches of EB, of differing infectivity
titers, are usually pooled to generate sufficient
quantities of envelopes. Since the infectivity of
any one batch is 50% or less, i.e., only half of the
EB are capable of initiating productive infection,
significant numbers of noninfectious organisms
are also present from which envelopes are ob-
tained. Perhaps one reason for the somewhat
higher average persistence of envelopes in the
nonprofessional phagocytic L cell is that the L
cells are less efficient in internalizing noninfec-
tious chlamydial material. Therefore, the fate of
TCA-precipitable radiolabeled material is more
clear-cut. Conversely, the professional phago-
cytic cells have probably ingested both infec-
tious and noninfectious chlamydiae. There are
localized spots of no P-LF concomitant with
other sites of active P-LF within the same cell
(7). Thus, the total picture in the macrophage is
one of reduced amounts of TCA-precipitable
material, which is interpreted as reduced persis-
tence. The assumption here is one of a funda-
mental biological event rather than a difference
in processing by the two different cell types. The
idea that the cytotoxic effects of envelopes on
macrophages could account for the variability
was eliminated by the demonstration that the
envelope MOI used in these experiments was
well below that needed to induce immediate
cytotoxicity.
The immunofluorescence studies confirmed
the persistence of chlamydial envelopes in both
L cells and macrophages and 'expanded the
picture by revealing that envelope antigen(s)
actually emerge on the surface of the host cell,
as well as spread to the surfaces of adjacent
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FIG. 5. Autoradiograph of [1125]lactoperoxidase-la-
beled EB envelopes. Lane A, Untreated. Lane B,
After a 7-day incubation period at 37°C. Lane C,
Envelope components released during the 7-day incu-
bation. The arrows mark the location of faint bands on
the original autoradiograph. The arrowheads indicate
the location of molecular weight standards on the
corresponding gel stained for protein: myosin
(200,000), 13-galactosidase (116,300), phosphorylase
(92,500), bovine serum albumin (66,200), ovalbumin
(45,000), carbonic anhydrase (31,000), soybean trypsin
inhibitor (21,500), and lysozyme (14,400).
uninfected cells (21). This has rather important
implications for the parasite-host relationship.
The finding offers an additional explanation for
the elegant studies of Lammert (15), who found
that spleen cells from C. psittaci-infected mice
lyse L cells inoculated with heat- or UV-treated
infectious EB. Since inactivated EB were also
able to sensitize target cells for cytotoxic cells as
early as 10 h, it was postulated that host-cell
membrane changes had occurred upon the entry
of the parasite, rather than from the addition of
chlamydial antigen during replication (18+ h), as
described by Richmond and Stirling (21). Host-
cell membrane changes probably do occur upon
the entry of chlamydiae, but the early release of
EB envelope antigens, which we speculate to be
preparatory to the conversion of the EB to RB,
fits nicely with the time sequence of Lammert's
findings (15). In any event, the presence of the
envelope antigens on the host cell surface could
provide the animal with a marker for its immune
surveillance. Conversely, assuming that an obli-
gate intracellular parasite has no wish to identify
its niche to immune surveillance, perhaps the
released material serves as a type of "smoke
screen."
An obvious question is whether some of the
released EB envelope component(s) are respon-
sible for the prevention of P-LF. This is not yet
known. There are several possible mechanisms
by which released components could inhibit P-
LF. (i) The envelope factor(s) might accumulate
in lysosomes, rendering them unable to recog-
nize or to fuse with phagosomes. For example,
the cell wall of Mycobacterium tuberculosis
contains sulfatides which, when added exoge-
nously or coated onto the surface of S. cerevisi-
ae, prevent the fusion of lysosomes with
yeast-laden phagosomes (12). Sulfatides are
lysosomotropic, but it is not clear whether they
inhibit P-LF through an effect on lysosomes,
phagosomes, or both. Although EB envelopes
could contain some lysosomotropic factor which
alters the ability of lysosomes to fuse, this seems
unlikely since lysosomes in C. psittaci-infected
macrophages continue to fuse with other phago-
somes (7). (ii) The released envelope compo-
nents might become incorporated into the pha-
gosomal membrane and sufficiently alter its
physiochemical properties, such as fluidity,
charge, or hydrophobicity, so that fusion is no
longer possible. Earlier investigators have re-
ported that after the incubation of the host cell
no newly synthesized chlamydial proteins be-
come inserted into the phagosomal membrane
(23). However, this does not preclude the incor-
poration of chlamydial lipids or even chlamydial
proteins which were prepackaged into the EB.
Friis (10) suggested that since chloramphenicol-
treated EB inhibit P-LF, some intrinsic property
of the chlamydial structure must be responsible
for the inhibition. (iii) Alternatively, released EB
factors might mask or enzymatically degrade
recognition molecule(s) on the phagosome sur-
face which mark it as an organelle with which
the lysosome can fuse. (iv) A fourth model
would be the interaction of EB components with
signal or regulatory molecules in the phagosome
membrane which, in turn, act as a shut-off
mechanism for P-LF. High levels of cyclic AMP
have been implicated in the prevention of lyso-
somal degranulation (28) although there is some
suggestion that this may be associative rather
than causative. However, it has been reported
that Chiamydia sp. do not induce high levels of
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cyclic AMP in infected host cells (20, 27).
Ten years ago, Tamura (19) demonstrated an
alteration of EB envelope components 2 h after
internalization by L cells as the EB began the
transformation into RB. When this is considered
along with the observed correlation between
infectivity and the loss of surface radiolabel, the
apparent absence of P-LF, and the fluorescence
observations, a logical explanation for our data
is that envelope components are released either
spontaneously at 37°C or as a result of autolysins
to allow conversion from EB to RB. Obviously,
further studies will be required to sort out the
mechanism of envelope component release and
its function.
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